In this paper the synthesis and characterisation of ruthenium dihydrogen complexes bearing rigid aliphatic PNP pincer-type ligands are described. As one result hydride complexes were synthesised in good to high yields by a one-pot direct hydrogenation reaction. As another finding the dihydrogen complex, stabilised with a N-Me group in the ligand frame, can be converted with dimethylamine borane into a rare σ-boron complex [RuH 2 (BH 3 )(Me-PNP)] with rapid B-N decoupling. Additionally, we present the first mass spectrometric analysis of the synthesised σ-complexes via liquid injection field desorption/ ionisation technique (LIFDI-MS).
Introduction
The development of transition metal complexes is still a field of increasing interest for application in homogeneous catalysis such as hydrogenation, 1 dehydrogenation, 2 C-H bond 3 or B-H bond activation. 4 Amongst the large and various number of transition metal complexes, only a small collection is assigned to hydride complexes as intermediates, much less molecular dihydrogen complexes even though Kubas et al. first detected the molecular dihydrogen complexes in the 1980s. This expanded the diversity of complex chemistry. [5] [6] [7] Since then, several dihydrogen transition metal complexes have been reported. Molecular dihydrogen ligands are coordinated in a side-on arrangement to the metal centre as σ-complexes. This denotation is due to the interaction between the electron donating σ-orbital of the H 2 bond and the empty d-orbital at the metal centre and by the backdonation of the metal's d-orbitals into the empty σ*-orbital of the hydrogen molecule. This type of bonding is also considered nonclassical due to its 3-centre-2-electron (3c-2e) bonding character. 8, 9 Besides molybdenum and tungsten, various ruthenium based molecular dihydrogen complexes were reported, e.g., Chaudret et al. focussed on ruthenium based molecular dihydrogen complexes, stabilised by bulky ligands such as PCy 3 (complex 1, Fig. 1 ). [10] [11] [12] Moreover, the reactivity of molecular dihydrogen complexes towards boryl adducts, such as amine boranes, turned into a field of increasing research due to its potential in the development of hydrogen storage systems. In recent reports, Sabo-Etienne et al. showed the reactivity of dihydrogen complex 1 in the presence of amine boranes by rapid hydrogen evolution. As a consequence, the transformation of complex 1 into "true" bis(σ-B-H) complexes 2a-c was reported. 13, 14 So far, only a small number of "true" σ-borane complexes have been isolated.
as hydride complexes as intermediates (Fig. 2) . However, the spectroscopic evidence provided by NMR relaxation time measurements was not convincing, since the presented data did not allow the extraction of a clearly defined T 1min . The authors found for complex 4 a T 1min of 113 ms at 400 MHz, respectively 41 ms for complex 5, and calculated H-H distances of 1.57 Å and 1.31 Å. Thus, they could be assumed with certain security as elongated dihydrogen complexes. Elongation of the hydrogen ligand in solution might have been affected by the coordinative character of the deuterated solvent THF. Therefore we used for T 1 measurements of the dihydrogen complexes deuterated toluene as a solvent. Herein we display the defined synthesis and characterisation of complexes 4 and 5 and the modified ruthenium hydride complex 6 bearing an aliphatic PNP ligand with a methylated nitrogen compound, following a typical synthetic protocol of ruthenium dihydrogen complexes. 18 Moreover, we report the reactivity of complex 6 towards B-H bonds. For each complex, we present the first mass spectra of air and moisture sensitive small ruthenium dihydrogen complexes which allowed us a deeper insight into the compositions of our synthesised complexes.
Results and discussion
Synthesis and characterisation of ruthenium hydride 4 and 5
To synthesise the complexes 4 and 5, ruthenium precursor 7 and PNP ligand 8 were pressurised with hydrogen gas to obtain a product mixture in 90% yield, consisting of 43% of complex 4 and 57% of complex 5 (Scheme 1). Starting with this product mixture, complex 5 was isolated but complex 4 appears to be stable only under a hydrogen atmosphere (see the Experimental section). Therefore, the product mixture was characterised by NMR and IR. The isolated complex 5 was analysed separately by IR and NMR, and the collected data were compared with the extracted data of the product mixture. The similarity of both hydride species 4 and 5 allows differentiation of the signals in the low field of 31 
Equilibrium of ruthenium hydride 4 and 5
We assume that the lability of tetrahydride 4 can be explained by the cooperative properties of the H-PNP pincer backbone. The N-H ligand module can be deprotonated to complex 5.
The nitrogen building block serves as a proton donor and an acceptor similar to the benzylic position in pyridine based PNN or PNP pincer complexes. 1, 22, 23 Therefore, shifting the equilibrium towards the more stable complex 5 by removing one equivalent of H 2 was facile (Scheme 2), while the isolation of pure complex 4 was not possible under an argon atmosphere. Complex 5 in the presence of isopropanol as a hydrogen source in a closed system at 80°C for 20 h emulates complex 4 until the equilibrium between the tetra-and trihydride complexes is restored. This process was monitored via 1 H and 31 P NMR in deuterated benzene. Additionally, we achieved the full regeneration of complex 4 by treatment of complex 5 dissolved in deuterated toluene with 2 bar of hydrogen gas; the NMR showed the exclusive presence of tetrahydride 4, which is stable only under a hydrogen atmosphere.
Synthesis and characterisation of [Ru(H 2 )H 2 (Me-PNP)] 6
Complex 6 was obtained by following the synthetic route of complexes 4 and 5 (Scheme 3). Contrary to ligand 8, ligand 9 contains a methyl group blocking the nitrogen position. Therefore, cooperative properties acting as a proton donor or an acceptor are avoided, thus a conversion of the tetrahydride into a trihydride is not possible due to the absence of a neighbouring proton source. The synthesis of complex 6 provides yields between 64 and 67% as a powderous grey solid.
At room temperature, complex 6 shows a singlet signal at 108.7 ppm in the 31 P NMR spectrum as well as a characteristic triplet signal at −8.68 ppm ( 2 J PH = 13.8 Hz) in the 1 H NMR spectrum, allocating two hydride ligands and one dihydrogen ligand coordinated to ruthenium. The T 1 measurement of complex 6 resulted in a T 1min value of 54 ms at 224 K in deuterated toluene with a spectrometer frequency of 500 MHz. The H-H bond length of 1.01 Å was calculated, which assigns complex 6 to a nonclassical dihydrogen complex (ESI, NMR at −5.64, −9.02 and −18.85 ppm as broad singlets assigned to the bridging hydrides and the Ru-H hydride. In contrast to complex 10, the comparable borylated PNP complex with a pyridine backbone obtained by the ruthenium dihydrogen complex 3 contains only one singlet signal for the bridging hydrides in the 1 H NMR spectrum, which is presumably caused by the electronic effect of the ligand and the generally vibrant system of the complex. 17 In fact, only one signal was detected in the 31 P NMR spectrum at 92.1 ppm, which excludes the assumption of a second similar complex. LIFDI-MS analysis confirmed structure 10 (m/z 602-610, 
Synthesis and characterisation of (σ-B-H) complex [RuH 2 (BH 3 )(Me-PNP)] 11
[RuH 2 (BH 3 )(Me-PNP)] 11 was obtained with different synthetic routes (a-b, Scheme 5). The reaction of dihydrogen complex 6 with 2-3 equivalents of the THF borane complex (1 M in THF) in a mixture of toluene and pentane resulted in rapid hydrogen evolution. Although high yields (89%) and high conversions (>95%) were obtained THF traces were still visible in the 1 H NMR. More interestingly, the synthetic route b adding 3-5 equivalents of dimethylamine borane led to the decoupling of the N-B bond with the formation of the (σ-B-H)-ruthenium complex 11 and loss of the dimethylamine in 91% yields. This reactivity stays in contrast to previous reports by Sabo-Etienne Scheme 4 Reaction of 6 with pinacolborane to complex 10 with evolution of hydrogen gas. Scheme 5 Reaction of 6 to complex 11 with evolution of hydrogen gas. Synthetic route a with THF borane complex, synthetic route b with dimethylamine borane in comparison to complex 1 with amine boranes leading to complex 2a-c. (Fig. 6 ). Also integral assignments of the hydrogen atoms in the 1 H NMR spectrum were more accurate at temperatures below 278 K. The IR spectrum of complex 11 obtained with route a contains traces of THF, but is congruent with the complex 11 obtained with route b (Fig. 7) . Two strong bands appear at 2394 and 2330 cm −1 in a typical range of terminal B-H region. 4, 15, [24] [25] [26] The ν(M-H) was found at 2020 cm −1 and is in accordance with previous reports. 4, 20, 21, 26 The band at 1693 cm −1 can be carefully assigned to ν(Ru-H-B). 15 No characteristic N-Me or N-H band of the amine borane adduct was found either in the 1 H or 13 C NMR spectra or in the IR spectrum in the region of 3000 cm −1 or higher. This profoundly indicates that no ruthenium dimethylaminoborane complex has been generated with route b, but a σ-B-H typed BH 3 ruthenium complex instead. The single crystal X-ray analysis of the structure was determined at 293 K (Fig. 8, Table 1 ). Further refinement parameters and collected data are listed in the ESI. † The hydrogen atoms (H1-H5) were approached by electron densities around the ruthenium and boron atoms. Thus we located the most likely electron density for H1 which contains a short distanced Ru1-H1 bond length of slightly under <1.4 Å. Despite the imprecise short bond length of Ru1-H1, the location of H1 confirms only the trans arrangement of the hydride. Furthermore the Ru-B distance is 2.19(2) Å and thus in the range of previously reported agostic ruthenium boron complexes. Ellipsoids are illustrated at 50% possibility. All hydrogen atoms are faded out except for H1-H5 for clarity. The bridging hydrogen atom (H2), which replaced the position of the molecular hydrogen ligand of complex 6, is located 1.69(2) Å next to the ruthenium atom and 1.31(6) Å to the boron atom with an angle (degree) of 92.76 for Ru1-H2-B1 on the trans axial position to the terminal hydride (H1). This arrangement is in agreement with a typical "true" (σ-B-H)-bonding to ruthenium reported by Sabo-Etienne et al.
13,14
Moreover, H1 can be attributed as a hydride, although the short Ru1-H5 distance of 1.48 (8) Moreover the solid state structure of 11 confirms the bond cleavage of the dimethylamine borane. The reactivity of complex 6 towards THF borane complex or dimethylamine borane, in routes a and b, remains still uncleared, but regarding the borane compounds as Lewis-pairs, it is plausible that THF or dimethylamine is replaced by a stronger Lewis base system (Fig. 9) . In this case, the methyl group of the PNP backbone of complex 6 could electronically influence the ruthenium metal centre by inducing Lewis-base character into the system. This consideration would explain the possibility of a Lewis-pair exchange during the synthesis of complex 11.
Furthermore, the basic character of complex 11 could tend to draw the more "protic" hydride H5 closer to the ruthenium centre, which would explain the short distance of Ru1-H5 of 1.48(8) Å. LIFDI-MS analysis of [RuH 2 (BH 3 )(Me-PNP)] 11 confirms additionally the assumed structure (Fig. 10) and is in agreement with the simulated isotope pattern (ESI, Fig. S23 †) .
Conclusion
In summary, we demonstrated an efficient and simple synthesis of ruthenium dihydrogen complexes 4-6, stabilised with a rigid aliphatic PNP backbone. These complexes have been characterised via T 1 spin lattice measurement as molecular dihydrogen complexes (5 and 6) and as an elongated dihydrogen complex 4. The methylated pincer ligand of complex 6 shows the major influence on its electron density and proved to be highly active towards B-H groups, emphasising the formation of complex 10 and the B-N decoupling of the dimethylamine borane to a rare σ-borane complex 11. All structures have been confirmed by LIDS-MS analysis, which allowed us a good insight into the complexes.
Experimental section

General information
Reactions were generally prepared under an argon atmosphere using Schlenk techniques, flame-dried glassware and a Labmaster 200 glove-box from Mbraun. High-pressure hydrogen reactions were performed in a Büchi Tinyclave (50 mL) glass autoclave. All solvents and reagents were purchased from Acros, Merck, Sigma-Aldrich, Fluka, Strem or were acquired from the institute stock. Commercial anhydrous solvents and argongas packed reagents were used as received and stored in the glove-box under an argon atmosphere. Non-anhydrous solvents were dried and distilled (under vacuum or argon) prior to use, applying standard procedures. The water content of solvents, alcohols and amines has been quantified by Karl-Fischer titration.
Analytic methods
1 H, 13 C, 11 B, 31 P NMR spectra were recorded using a Bruker Avance II 300 spectrometer and a Bruker Avance II+ 600 spectrometer using deuterated benzene, toluene, cyclohexane, THF and deuterium oxide as solvents at room temperature. ). Chemical shifts are reported as singlet (s), doublet (d), triplet (t), quartet (q) and multiplet (m). Coupling constants J were reported in [Hz] . 13 C NMR spectra were recorded using the APT or DEPTQ sequence. 13 experiments, Young-Teflon Capped NMR tubes from Wilmad were used. T 1 measurements were carried out at 500 MHz using a Bruker DRX 500. Infrared spectra (IR) were measured at room temperature under argon (Glovebox) using a Bruker Alpha spectrometer equipped with a Diamond-ATR IR unit. Data are reported as follows: absorption ν[cm
medium (m), strong (s). LIFDI-MS (Liquid Injection Field
Desorption/Ionization-Mass Spectrometry) was performed using a Waters micromass Q-ToF-2™ mass spectrometer equipped with a LIFDI 700 ion source (Linden CMS).
Synthesis of [Ru(H 2 )H 2 (PNP)] 4 and [Ru(H 2 )H(PNP)] 5
In an argon flushed Büchi glass autoclave, 320 mg (1.0 mmol, 1.0 eq.) [Ru(cod)(2-methylallyl) 2 ] 7 were added to 400 mg (1.1 mmol, 1.1 eq.) of PNP ligand 8 in 5 mL pentane. After the autoclave was filled with H 2 gas to 5 bar at room temperature, the content was stirred for 48 h at 55°C. With the increase in temperature to 55°C, a H 2 pressure of 7 bar was reached. After the reaction mixture was cooled to room temperature, the autoclave was depressurised and flushed twice with argon. After separating the orange mother liquor with a cannula from the yellow solid (mixture 4 and 5), the product mixture was washed twice with pentane. The pentane was removed via cannula and the product mixture was dried under argon and stored at −34°C. Yield: 397.0 mg ( product mixture), 0.85 mmol, 85%. ‡ Spectral data of complex 4. Generation of dihydrogen complex 4 under H 2 atmosphere 11 mg (1.0 eq., 0.023 mmol) of complex 5 was dissolved in 0.1 mL deuterated toluene and introduced in an argon flushed NMR pressure tube. The NMR tube was pressurised with 2 bar of hydrogen gas. After 60 h at room temperature, the colour of the content turned from orange into yellow. out that the NMR pressure tube has an inner measurable volume of 0.1 mL.
Synthesis of Me-PNP ligand 9
Synthesis of N-methyl bis(2-chloroethyl)amine hydrochloride. 17.0 g (0.096 mol) bis(2-chloroethyl)amine hydrochloride and 10.0 g (0.2 mol) formic acid were added to 20 mL of a 37% formaldehyde solution in a 500 mL round bottom flask equipped with a reflux condenser. After the reaction mixture was refluxed for 3 h at 100°C and cooled to room temperature, the solvent was removed in vacuo until a yellowwhite solid was obtained. For further purification, the solid was dissolved in 100 mL THF. After removing the solvent, the product was obtained as a white solid which was directly used for the synthesis of PNP ligand 9 (18.41 g, 99%) . 1 
Synthesis of Me-PNP 9
In a flame dried and argon flushed 500 mL Schlenk flask, 8.75 mL (47.15 mmol, 2.3 eq.) of di-tert-butyl phosphine was dissolved in 60 mL diethyl ether. After cooling to −78°C, 18 mL of a 2 M in hexane butyl lithium solution was added dropwise to the content under constant stirring. The reaction mixture was allowed to reach room temperature and the Schlenk flask was equipped with a reflux condenser and heated for 4 h at 50°C under an argon atmosphere until a yellow solid of di-tert-butyl phosphine lithium was obtained. In a flame dried and argon flushed 250 mL Schlenk flask 3.9 g (20.5 mmol, 1.0 eq.) N-methyl bis(2-chloroethyl)amine hydrochloride was dissolved in 50 mL diethyl ether and cooled to −78°C. Under constant stirring, 8.16 mL of a 2 M in hexane butyl lithium solution was added dropwise within 30 min to the content. After allowing the reaction mixture to reach room temperature, the content was stirred for 2 h and transferred slowly via a transfer cannula to the precooled di-tert-butyl phosphine lithium in the 500 mL Schlenk flask at −78°C. The unified reaction mixture was allowed to reach room temperature and then refluxed overnight at 60°C under an argon atmosphere. The reaction mixture was allowed to reach room temperature, the solution was separated in a flame dried and argon flushed Schlenk tube from the solid lithium chloride via centrifuge. The ether was removed in vacuo and replaced with 50 mL pentane. The content was extracted 3 times with degassed water and dried over magnesium sulphate. After filtration, the solvent was removed in vacuo to obtain a yellow oil (5.3 g, 14.15 mmol, 69% yield, purity 67%). Major impurities stemmed from the excess of di-tert-butyl phosphine. Ligand 9 was used without further purification. For analytical data, the product was dissolved in a solution of pentane and triethylamine (1 : 1). After stirring the content for 30 min, the solvent mixture was removed in vacuo to obtain a clearer oil with a purity of 80% or higher. 1 δ C = 58.9-58.4 (CH 2 ), 41.8 (NCH 3 ), 31.2-30.6 (P (C(CH 3 ) 3 ) ), 29.7-29.5 (P (C(CH 3 ) 3 ) ), 20.0-19.7 (CH 2 ), 31 P NMR (121 MHz, benzene-d 6 ): δ P = 24.7 (s).
Synthesis of [Ru(H 2 )H 2 (Me-PNP)] 6
In an argon flushed Büchi glass autoclave, 240 mg (0.75 mmol, 1.0 eq.) of [Ru(cod)(2-methylallyl) 2 ] 7 were added to 413 mg (regarding the purity grade of 67%, 1.1 mmol, 1.45 eq.) of ligand 9 in 5 mL pentane. After the autoclave was filled with H 2 gas to 5.5 bar at room temperature, the content was stirred for 48 h at 60°C. With the increase in temperature to 60°C, a H 2 pressure of 6.5 bar was reached. After the reaction mixture was cooled to room temperature, the autoclave was depressurised, flushed twice with argon and stored under an argon atmosphere at −34°C for 12 h. The dark red mother liquor was separated with a cannula from the grey solid and the product was washed twice with precooled pentane. The pentane was removed via a cannula and the product was dried under argon and stored at −34°C. 
